Objectives: Physiologically-based toxicokinetic (PB-TK) models are developed to simulate absorption, distribution and excretion of xenobiotics. PB-TK models consist of several groups of compartments, where tissues are grouped together according to physiological parameters (tissue blood fl ows, tissue group volumes) and physicochemical properties (partition coeffi cients, metabolic constants). Tetramethylbenzene (TETMB), a mixture of its three isomers: prenitene (1,2,3,4-TETMB), isodurene (1,2,3,5-TETMB), and durene (1,2,4,5-TETMB) is an essential component of numerous commercial preparations of organic solvents. The aim of the study was to develop the PB-TK model for two TETMB isomers, durene and isodurene, in humans. Materials and Methods: The assumed PB-TK model groups organs and tissues into fi ve physiological compartments: fat tissue, muscles, organs, liver, and brain. The brain has been considered as a separate compartment due to the potential neurotoxicity of TETMB. Water/air, oil/air and blood/air partition coeffi cients for durene and isodurene were measured in vitro. Tissue/air partition coeffi cients were calculated from values of olive/air and water/air partition coeffi cients and the average fat and water content in different tissues. Tissue/blood partition coeffi cients were calculated as a tissue/air quotient and the blood/air partition coeffi cient measured in vitro. The Michaelis-Menten constant (K M ) values and maximum metabolism rate constant (V MAX ) for selected metabolites of durene and isodurene were obtained in vitro using microsomal fraction of the human liver. Results: The developed model was validated against experimental data obtained earlier as a result of an 8-h exposure of volunteers to durene and isodurene vapors of 10 and 25 mg/m 3 . The prediction of both TETMB isomers concentration in blood as well as of the elimination rates of 2,4,5-TMBA and 2,3,5-TMBA were close to the results of experimental exposures. Conclusions: Simulations of one working week inhalation exposure to aromatic hydrocarbons indicate that the elaborated PB-TK model may be used to predict the chemical distribution in different body compartments, based on physicochemical properties.
INTRODUCTION
Physiologically-based toxicokinetic (PB-TK) models are developed to simulate absorption, distribution and excretion of xenobiotics. PB-TK models consist of several groups of compartments where tissues are grouped together according to physiological parameters (tissue blood fl ows, tissue group volumes) and physicochemical properties of the studied chemical (partition coeffi cients, metabolic constants).
Tetramethylbenzene (TETMB) in the form of its three isomers mixture: prenitene (1,2,3,4-TETMB), isodurene (1,2,3,5-TETMB), and durene (1,2,4,5-TETMB) is an essential component of numerous commercial preparations of organic solvents (Solvesso, Shellsol) used in different technical processes in many kinds of industry [1, 2] . The aim of this study was to develop the PB-TK model for two TETMB isomers, durene and isodurene, in humans. The results of PB-TK modeling are the fi rst data obtained for these compounds.
MATERIALS AND METHODS

Chemicals
Durene and isodurene (98% pure) were purchased from Sigma-Aldrich Co. (Poznań, Poland). NADPH was provided by Sigma-Aldrich Co. (Poznań, Poland). All other reagents and chemicals were obtained from commercial chemical corporations at the highest purity available. 2,4,5-TMBA (2,4,5-trimethylbenzoic acid) and 2,3,5-TMBA (2,3,5-trimethylbenzoic acid) (97% pure) were synthesized in the Technical University in Łódź, Poland.
Apparatus
Gas chromatographs HP 5890 Series II Plus and 6890 with a fl ame ionization detector were used. The capillary column used to analyze metabolites, durene and isodurene, was HP-5 (Crosslinked 50 m × 0.32 μm × 1.05 μm)
Volunteers and exposure conditions
The subjects were four male volunteers, aged 30-39 years, with no history of occupational exposure to durene and isodurene. The local Bioethical Committee approved the study protocol and the volunteers gave their written informed consent to participate in the study. They also underwent medical examinations before exposure to exclude health problems and were insured. The experimental conditions were that of an exposure chamber where the subjects were exposed at rest to durene and isodurene. The capacity of the exposure chamber was 11.7 m 3 and air turnover rate was 350 m 3 /h.
The subjects were exposed to durene and isodurene vapors of 10 and 25 mg/m 3 for 8 h. Capillary blood samples obtained from the fi nger tips were collected before the onset of exposure and in the chamber 15 
Determination of individual parameters
Michaelis-Menten constant (Km) and maximum metabolism rate constant (V max): Incubation procedures Microsomes from human livers were obtained from GENTEST ABD Bioscences Company (USA) (cytochrome P450 = 0.8 mg/ml and total protein 20 mg/ml). Reaction solution contained a microsomal fraction (5 μl, 0.1 mg of protein), phosphate buffer (1.0M pH 7.4) MgCl 2 (1.6 mM) and NADPH (0.8 mM) in a fi nal volume of 2 ml. The reaction was initiated by adding 100 μl of polyethylene 600 (PEG/H 2 O, 1:1 v/v) with durene and isodurene in fi nal concentration levels of 5, 10, 15 mM/l. The vials were closed and the mixture was incubated at 37°C for 90 and 120 min for durene and isodurene, respectively, with constant shaking. The reaction time was empirically determined. Reactions were stopped by addition of 0.5 ml HCl (6N).
2,4,5-and 2,3,5-TMBA in microsomal fraction mixture Determination of 2,4,5-and 2,3,5-TMBA were performed by gas chromatography (HP5890, FID detector) using the method described for metabolites. After termination of incubation of the mixture (2 ml), 0.2 g of NaCl was added. Then extraction of metabolites was carried out twice with 7.5 ml of ethyl ether for 10 min. Organic layer was evaporated to dryness. The residue was silylated for 30 min in 70°C with 0.2 ml of N,O-bis(trimethylsilyl)trifl uoroacetamide (BSTFA). Next, ethyl ether (1.5 ml) was added and aliquot (1 ml) was used for injection into the gas chromatograph.
Urine 2,4,5-and 2,3,5-TMBA 2,4,5-and 2,3,5-TMBA concentrations were determined by gas chromatography (HP5890 Series II Plus, FID, HP-5 50 m × 0.32 μm × 1.05 μm) in the following operation conditions: carrier gas (helium) fl ow, 30 ml/min; hydrogen, 30 ml/min; air, 300 ml/min; injector, 200°C; and detector, 220°C. The internal standard solution (ß-naftol c = 80 mg/l) in the volume of 0.5 ml was added to a glass vial and evaporated under a stream of air. Then 2 ml of urine was added and hydrolyzed in water bath with 2 ml of 11 mol NaOH at 100°C. After hydrolysis 5 ml of 6nH 2 SO 4 was added. After saturation with 0.4 g of NaCl, metabolites were extracted with 10 ml of ethyl ether for 10 min. Organic layer was evaporated to dryness. The residue was silylated for 15 min with N,O-bis(trimethylsilyl)trifl uoroacetamide (BSTFA). Then 1.5 ml of ethyl ether was added and 1ml of aliquot was used for injection into the gas chromatograph [3] .
Blood durene and isodurene
Durene and isodurene in blood were determined by gas chromatography (HP6890, FID, HP-5 50 m × 0.32 μm × × 1.05 μm) with the headspace technique in the following operation conditions: carrier gas (helium) fl ow, 30 ml/min; hydrogen, 30 ml/min; air, 300 ml/min; injector, 170°C; and detector, 220°C. Capillary blood (0.1 ml) and 0.2 ml of the internal standard solution (chlorobenzene) were added to glass vials (2 ml) and closed with tefl on plugs. Solutions were shaken for 30 min in a water bath at 70°C, then 1ml of the gas phase was sampled with a gastight syringe and injected into the chromatograph. The analytical parameters for the aforesaid procedures are presented in Table 1 .
Partition coeffi cients
Water/air, olive/air and blood/air partition coeffi cients for durene and isodurene were obtained in vitro according to the method described by Gargas [4] and Sato [5] . Tissue/air partition coeffi cients were calculated from the values of olive/air and water/air partition coeffi cients and the average fat and water contents defi ned in different tissues [6] [7] [8] . Tissue/blood partition coeffi cients were calculated as the tissue/air quotient and the blood/air partition coeffi cient measured in vitro.
Model structure PB-TK models for durene and isodurene were developed in two steps. First, the preparation of a general model, which assumed an inhalation way of absorption, and contained a number of body compartments. Second, the preparation of models for durene and isodurene by ascribing the experimentally obtained and calculated values of partition coeffi cients and metabolic constants for TETMB isomers and its selected metabolites. In the assumed PB-TK model, organs and tissues are grouped together into six compartments according to blood fl ow and fat content. The model also contains three auxiliary modules for inhalation, absorption, transport and TETMB distribution via blood. Physiological compartments comprise: fat tissue, muscles, organs, liver, and brain. The auxiliary modules are lungs, arterial, and venous blood (Fig. 1) . The lung module includes lung tissues and heart. The brain was considered as a separate compartment due to the potential neurotoxicity of tetramethylbenzene. Inhalation absorption, penetration from lungs to blood, and excretion of the parent TETMB with exhaled air are the responsibility of the lung module. Change of TETMB (1)
Fat tissue, muscles, organs, and brain compartments absorb TETMB and accumulate in tissue groups. Change of tetramethylbenzene concentration in these compartments is described by differential equation (2) . (2) Liver is a compartment, in which metabolic transformations of TETMB and elimination of its metabolites with urine take place. Change in TETMB concentration in this compartment is described by differential equation (3) . All symbols used in equations (1), (2), and (3) are presented in Table 2 .
Simulation conditions
Three kinds of model simulations were performed. The fi rst simulation described the dynamics of durene and isodurene concentrations in blood and excretion of their metabolites in urine after an 8-h inhalation exposure at concentrations of 10 and 25 mg/m 3 . The second simulation described the dynamics of the same parameters within the weekly work cycle of 5 working days (8 h/day of exposure and 2 days free of exposure). The aim of these simulations was to assess possible accumulation of durene and isodurene as well as selected metabolites in the body. The third simulation grouped computer simulations of selected aromatic hydrocarbons (toluene, xylene, trimethylbenzene, tetramethylbenzene) with different quantities of methyl groups with the aim to predict their levels in the central nervous system (CNS).
Software
The described PB-TK model was written, compiled, and tested using SSPA Simnon (ver. 3.0) simulation program. To provide a comparative prediction, the model was transferred and simulated using Berkeley Madonna (ver. 8.0.1) simulation software. 
RESULTS
Tissue/blood partition coeffi cients were calculated as the quotient of tissue/air and blood/air partition coeffi cient measured in vitro (Table 3) . 
Model parameters
In the PB-TK model for durene and isodurene, different physiological parameters of the human body were involved: alveolar lungs ventilation, cardiac output, blood fl ows in all compartments, and volumes of all compartments. The values of physiological parameters in the model were calculated for adult males (average parameters of volunteers: height, 180 cm and weight, 80 kg) ( Table 4) (Figs. 2 and 3) .
Comparison of computer simulation results with experimental data for durene and isodurene
The 8-h computer-simulated inhalations of durene and isodurene in concentrations of 25 mg/m 3 were prepared with use of the described PB-TK model. The results of simulated durene and isodurene elimination from blood as well as their selected metabolites (2,4,5-TMBA and 2,3,5-TMBA, respectively) in urine were compared with the data obtained from an 8-hour experimental inhalation of volunteers (Figs. 4-9 ).
Assessment of possible accumulation of durene, isodurene, and trimethylbenzoic acids
The one week computer-simulated inhalations of durene and isodurene (25 mg/m 3 ) were performed using the described PB-TK models. The results of simulated durene and isodurene elimination from blood as well as their selected metabolites (2,4,5-TMBA and 2,3,5-TMBA, respectively) in urine were used to assess a possible accumulation of these chemicals in the body (Figs. 10-13 ).
The accumulation tendency may be described by comparing blood concentration of parent TETMB or the rate of 
The increase in the rate of the metabolites elimination amounted to 11% for 2,4,5-TMBA, and to 7% for 2,3,5-TMBA at the end of the fi fth day as compared to the fi rst day of exposure. changes in excretion of its metabolites in urine one and fi ve days after the exposure cycle [10, 11] . This quotient is presented in equation (4).
Li and μi parameters from equation (4) may be determined from equation (5), which describes the kinetics of parent The increase in concentrations of unchanged durene and isodurene in blood amounted to 12% and 8%, respectively.
Computer simulation of aromatic hydrocarbons in the brain
The central nervous system is a target system for many aromatic hydrocarbons [12] [13] [14] [15] . Thus, the described PB-TK model was used to compare the distribution of aromatic hydrocarbons with an increasing number of methyl groups in the human body. For this purpose, one-working-week simulations of inhalation exposures to toluene, xylene, trimethylbenzene, and tetramethylbenzene in concentrations of 25 mg/m 3 were assumed. To conduct these simulations, the toxicokinetic data known from the literature and obtained in this study, were used [4, 5, 16] . The obtained results indicate a possible infl uence of the number of methyl groups and resulting solubility in lipids on the CNS concentration of aromatic hydrocarbons. At the end of the fi fth day of exposure, their predicted brain concentrations were as follows: toluene -1.24 mg/dm , durene -4.32 mg/dm 3 , and isodurene -5.89 mg/dm 3 ( Fig. 14) .
DISCUSSION
The main aim of our study was to develop, elaborate, and verify the PB-TK model for durene and isodurene. In the course of its development, SSPA Simnon, and Berkeley Madonna simulation software were used. The detailed description of methodology of the PB-TK model construction was presented earlier [17] [18] [19] . The values of physiological parameters (alveolar lungs ventilation, cardiac output, blood fl ow to selected compartments) and their volumes were calculated based on the literature data for men with height of 180 cm, and weight of 80 kg (average parameters of volunteers) [7, [20] [21] [22] . So far the values of liquid phase/air partition coeffi cients for durene, and isodurene as well as for K M and V MAX have not been published. Partition coeffi cients between air and blood, olive oil, and 0.9% NaCl values were obtained by means of the headspace technique according to Gargas [4] and Sato [5] . The values of tissue/blood partition coeffi cients for durene and isodurene were calculated, based on experimentally determined liquid phase/air partition coeffi cients values, and according to known percentage of lipid and water fractions in different groups of tissues [6, 8, 23, 24] . The results concerning the elimination of unchanged durene and isodurene from blood, and excretion of their selected metabolites, 2,4,5-TMBA and 2,3,5-TMBA, in urine resulted from the study in a group of volunteers. Inhalation exposures to durene and isodurene were conducted in concentrations signifi cantly lower (10 and 25 mg/m 3 ) than the Polish occupational exposure limit (OEL) value for trimethylbenzene (100 mg/m 3 ). The values of metabolic parameters, Michaelis-Menten constant and maximum metabolism rate for selected durene and isodurene metabolites, 2,4,5-TMBA, and 2,3,5-TMBA, were determined using a microsomal fraction of the human liver, and calculations of kinetic parameters of metabolic reactions using the Lineaver-Burke graphical methods [9, 25, 26] . The construction of the PB-TK model for durene and isodurene was based on the determination and calculation of the values of parameters presented above. The next step was to validate this model against experimental data obtained earlier in the study of volunteers exposed to durene and isodurene in concentrations of 25 mg/m 3 . The predicted rates of blood concentration of both TETMB isomers and elimination of its metabolites, 2,4,5-TMBA, and 2,3,5-TMBA, were very similar to those of experimental exposures. To evaluate the infl uence of durene and isodurene accumulation in the body on possible results of biomonitoring of exposure, simulations of inhalation exposure during one-weekly-work cycle (5 working days, 8 h/day ) were performed. The results of predictions indicated about 10% increase in blood concentrations of unchanged compound and elimination of metabolites in urine at the end of the fi fth day. This means that in practice accumulation will not exert a signifi cant effect on the possibility of evaluation of internal exposure on the basis of determination of unchanged compounds in blood or metabolites in urine in samples collected any day of exposure [27] . The elaborated PB-TK model may be used to predict distribution of volatile organic compounds (VOCs) in different body compartments, based on physicochemical properties. The relationship between the amount of methyl groups in benzene ring of aromatic hydrocarbons and CNS concentration was confi rmed. The predicted data on a possible accumulation of aromatic hydrocarbons related to the number of methyl groups are in agreement with the experimental data on the effect of aromatic hydrocarbons on CNS in rats [14, 28, 29] . The results of the 4-h inhalation exposures to TETMB isomers [14] , xylene [28, 29] , and toluene indicated a signifi cantly stronger neurotoxic effect for trimethylbenzene isomers, than for toluene, and xylene. The neurotoxic effect of xylene was stronger than that of toluene. The values of EC 50 for TMB (trimethylbenzene) isomers were similar: 3779 mg/m 3 for hemimelitene, 4693 mg/m 3 for pseudocumene, and 4738 mg/m 3 for mesitylene [14] . The EC 50 value for xylene was about two times higher (8658 mg/m 3 ) and for toluene about four times higher (15 262 mg/m 3 ) than for trimethylbenzene isomers [28, 29] . The results of the study confi rm the usefulness of the described PB-TK model in predicting the body toxicokinetics, and it may also be useful in biological monitoring to predict toxicity levels in selected organs and tissues.
